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Abstract  
Liquid fuels are the most valuable for transportation, and this trend seems to live on for the foreseeable decades. 
Consequently, increasing the share of renewable content is a critical point towards carbon neutrality. The present 
paper focuses on numerical modeling and comparison of diesel fuel and waste cooking oil (WCO) biodiesel 
combustion in a novel turbulent swirl burner that offers ultra-low NOx emissions. The results were validated by flame 




Liquid fuels are the most versatile in terms of 
logistics and safety, hence, they will dominate the 
transportation sector for several decades [1]. To reduce 
our dependence on fossil fuels, biofuels are blended with 
fossil fuels and sold commercially, e.g., E10 and B7, 
referring to 10% ethanol in petrol and 7% biodiesel in 
diesel fuel, respectively. If these biofuels are produced 
from crops, classified as first-generation biofuels, then 
food safety emerges [2]. To mitigate this problem, waste-
derived fuels can be used from which the conversion of 
waste cooking oil (WCO) to biodiesel is a highly 
favorable option since it requires less than 1% energy of 
the final product [3]. Moreover, this is a second-
generation biofuel that means it requires no arable land, 
not competing with food crops. Even though only a small 
fraction of our energy needs can be covered by WCO-
based fuels, its potential is high enough to exploit this 
valuable and environmentally friendly resource 
worldwide. The collection and management of WCO is a 
social problem [4] that requires both governmental and 
local support to work socially efficiently. 
Fuel properties of WCO-based biodiesel are close 
to that of the straight vegetable oil biodiesels; there is no 
notable difference in their molecular structure [5]. The 
actual composition highly depends on the feedstock [6]. 
However, properties affecting spray formation and 
volatility characteristics are rather similar [7]. 
To meet the pollutant emission requirements, 
steady-operating combustion systems either use rich 
burn-quick quench-lean burn combustion concept or lean 
premixed burners [8]. To reduce principally the NOX 
emission even further, MILD combustion is currently 
under research [9]. The required flue gas or inert gas 
dilution [10] is not an option in several practical systems, 
e.g., gas turbines. For this purpose, the Mixture 
Temperature-Controlled (MTC) combustion was 
recently introduced [11]. To understand the operation of 
this concept better, the present study aims to numerically 
investigate the associated distributed combustion 
achieved by using ambient air as the oxidizer. 
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The liquid fuel combustion simulations were 
performed in Ansys Fluent 2020 R1 software 
environment. Due to the excessive number of species and 
the real-scale computational domain with a multiphase 
flow, a thermochemical probability density function-
based (PDF) combustion model was used. In the case of 
premixed combustion, a partially premixed model is 
more appropriate than the non-premixed model [12]. To 
simplify atomization, it was modeled in a Lagrangian 
domain [13,14]. The Extended Coherent Flame 
combustion model was used in an Eulerian-Lagrangian 
domain, using a thermochemical probability density 
function-based lookup table [15]. WCO and diesel fuel 
combustion, as reference fuel, were simulated by RANS 
model, similar to the work of Kuti et al. [14]. 2D 
biodiesel blend combustion simulations were performed 
in ref. [16], however, in the case of swirl combustion, a 
3D model is inevitable to properly estimate the governing 
flow structures in a reactive environment. 
The goal of the present study is principally the 
simulation of distributed combustion of diesel and WCO 
biodiesel fuels in 3D, using robust modeling techniques. 
The models were validated against flame images and 
pollutant emission data. 
 
Materials and methods 
The swirl burner geometry with 45° vanes is shown 
in Fig. 1. Tip and hub diameters were 40 and 21 mm. The 
flow field of the swirl vanes was analyzed separately for 
computational reasons. The hybrid hexa-tetrahedral 
mesh created in Ansys ICEM CFD can be seen in Fig. 2 
a), which consists of 705500 cells. The resulting pressure 
drop, tangential, and radial velocity profiles were 
transferred to the entire combustion system model, 
shown in Fig. 3. Here the polyhedral mesh was created in 
Ansys Fluent Meshing. The mesh sensitivity analysis 
showed that 389000 cells are appropriate for the 
combustion simulations. An interior face was added to 
represent the swirl vanes as a fan boundary condition. An 
additional 200 mm combustion chamber length was 




Fig. 1. CAD geometry of the investigated burner. The 
airblast atomizer is blue 
 
The boundary conditions are indicated in Figs. 2 b) 
and c). The turbulence model was k-ω SST. For the outer 
walls, convection boundary condition was used with 20 
°C ambient temperature and heat transfer coefficient of 
9.77 W/m2K, which was 8.39 W/m2K in the case of the 
mixing tube, based on ref. [17]. Thermal radiation was 
considered through the Discrete Ordinates model. The 
emissivity of the stainless steel outer walls was 0.5 [18]. 
 
 
Fig. 2. a) Tetrahedral mesh of the burner, b) polyhedral 
surface mesh of the whole computational domain, and 
c) polyhedral volume mesh of the combustion chamber, 
mixing tube, and atomizer nozzle. 
 
The atomization process was modeled by the 
airblast atomizer model in a Lagrangian frame using the 
Discrete Phase Model. The secondary breakup was 
considered by the Kelvin-Helmholtz Rayleigh-Taylor 
model. The spray half cone angle was defined as 11° [19], 
and the diameter of the nozzle was 0.9 mm. NOx emission 
was estimated by reaction rate of thermal NOx formation 
from the calculated instantaneous  N2, O2, and O 
concentration with PDF-based turbulence-chemistry 
interaction.  
The investigated air-to-fuel equivalence ratio (λ) 
and atomizing gauge pressure (pa) values are shown in 
Table 1. Table 2 contains the lower heating values (LHV) 
and stoichiometric air-to-fuel ratio (AFR) of WCO and 
diesel fuel (D), which was modeled as n-dodecane, 
similar to ref. [20]. The thermal power was uniformly 
13.3 kW. The combustion air inlet temperature was 200 
°C. After reaching convergence, the values were 
averaged by iteration steps. 
 
Table 1. Investigated air-to-fuel equivalence ratio and 
atomization gauge pressure. 
Case λ [-] pa [bar] 
1 1.167 0.3 
2 1.5 0.3 
3 1.75 0.75 
4 1.75 0.9  
 
Table 2. Fuel properties. 
 diesel (n-C12H26) WCO 
LHV [MJ/kg] 43 37.2 
AFR [kg/kg] 14.4 12.5 
 
WCO was considered as a quasi one-component 
fuel, and the properties were averaged from the available 
FAME composition. Table 3 contains the sources of 
reference data and computational methods for the 
required material properties. Some of them are constant, 
e.g., normal boiling point, Tbn, and latent heat of 
vaporization at the normal boiling point, LTbn. Others are 
temperature-dependent and correspond to 1 bar 
atmospheric pressure. Properties of n-dodecane are 
gathered mainly from the National Institute of Standards 
and Technology (NIST) [21]. Where no reference data 
was available for the evaluated temperature range and 
also for the material properties of WCO, estimation 
methods were used to get the needed properties. These 
techniques were tested for n-alkanes and methyl esters 
and provided sufficient accuracy. Tbn of n-dodecane is 
489.3 K, which is close to the initial boiling point of the 
measured diesel fuel sample with a value of 502.5 K. Tbn 
of WCO was acquired from ASTM D86 distillation curve 
(DC) data. Since the temperature difference between the 
initial boiling point and the temperature corresponding to 
95% distilled volume fraction of the sample is 50 K, the 
integral mean value of the DC was used, which is 635.9 
K. LTbn of C12H26 is 256 kJ/kg, while for WCO, the 
calculated value of methyl oleate, 225 kJ/kg was used 
since its share in the total FAME composition is 46.96 
m/m% for the investigated biodiesel sample. Note that 
the vapor pressure curve, pvs, for WCO was also 
determined for methyl oleate with the Antoine equation. 
A polynomial fit was performed for each temperature-
dependent property on the investigated temperature range 
and implemented in the model to facilitate calculations. 
Liquid-phase density (ρl), specific heat capacity (cp,l), 
dynamic viscosity (μl), and surface tension (σ) were 
available from 260 K up to Tbn from NIST or by 
calculation methods. The temperature interval for vapor-
phase specific heat capacity (cp,v), dynamic viscosity (μv), 
thermal conductivity (kv), and mutual diffusion 
coefficient of vapor and air (Dv,a) ranged from 280 K to 
2000 K. Appropriate mixing rules for the temperature-
dependent properties were applied, e.g., mass-averaged 
and molar-averaged values, for WCO according to the 
FAME composition. 
 
Table 3. Overview of the reference data and 
computational methods for the relevant material 
properties. 
 diesel (n-C12H26) WCO 
Tbn NIST DC data 
LTbn NIST Riedel [22]* 
ρl NIST Elbro [23] 
cp,l NIST Ruzicka [24]  
μl NIST Ramírez [25] 
σ Brock [26] 
cp,v Joback [27,28] 
μv Lucas [29] 
kv Modified Eucken method [30] 
Dv,a Fuller [31,32] 
pv NIST Antoine equation [33]* 
* property corresponding to methyl oleate. 
 
Results and discussion 
The CFD model was validated against flame images 
of D combustion, shown in Fig. 3. The recording settings 
of all images were identical. However, images of cases 3 
and 4 were dark, hence, intensified later for better 
visibility. Below the flame shapes, the simulated 
temperature contours are shown for qualitative 
comparison. The following flame shapes were observed. 
Case D1 – straight flame, case D2 – V, case D3, and D4 
– distributed flame. Table 4 shows the mass-weighted 
average of NOx emission by CFD and the measured 
values [11] at the combustion chamber outlet. The 
difference in magnitude is attributed to the lower 
temperatures in reality and the higher loss. Nevertheless, 
the qualitative match is fair. A better result could be 
achieved by using a detailed reaction kinetic model and 
tuning the NOx model. None of them was a goal of the 
present study to remain simple and consistent. 
 
Table 4. NOx emission at the outlet at 15% O2 in the case 
of diesel fuel combustion. 
Case Simulated [ppm] Measured [ppm] 
1 165.4 31.3 
2 50.1 12.4 
3 3.7 2.5 
4 0.3 2 
 
Combustion of WCO is presented in Fig. 4, 
showing the temperature distribution. Cases WCO1 and 
WCO2 are relatively similar, and the fuel surrogate did 
not reproduce the V-shaped flame. Also, the transition to 
distributed combustion was not as flawless as in the case 
of D. Nevertheless, the notable drop in overall 
temperature is evident for the WCO3 and WCO4 cases. 
However, the simulated temperature is higher than that in 
the case of D combustion. 
 
 
Fig. 3. Flame images (top row) and temperature 
distribution (bottom row) of D combustion. 
 
 
Fig. 4. Flame images (top row) and temperature 
distribution (bottom row) of WCO combustion. 
Figure 5 indicates the OH* distribution 
representing the heat release of the flame. Following the 
previous trends in the temperature field, the intensity 
values are higher for WCO combustion. 
 
 
Fig. 5. OH* distribution of D (top row) and WCO 
combustion (bottom row). Note the log scale. 
 
The comparison of fluid dynamical characteristics 
is shown in Figs. 6–9. Figure 6 presents the flow field by 
vector plots to show the swirling flow characteristics. 
Outer Recirculation Zones (ORZ) are marked with red 
ellipses, and Inner Recirculation Zones (IRZ) are marked 
with black ellipses. ORZs were developed in each case, 
while IRZ was only identified for D2, indicating the V-
shaped flame. The ORZs are dominating the flow field 
on the sides in cases 3 and 4, generating strong 
recirculation zones. 
To visualize the flow field in 3D, Fig. 7 shows the 
pathlines in 3D. The precessing vortex core can be 
identified in each case. Both fuels show less intense ORZ 
in case 1, while it is stronger in case 2, while the occupied 
volume remains similar. Case WCO2 is clearly at the 
edge of V-shaped flame formation. Distributed flames 
feature significantly larger ORZ, shown in cases 3 and 4. 
The vortex structures are shown in Fig. 8. The 
characteristic IRZ of D2 is spectacular, while amorphous 
ORZ structures are visible for distributed combustion. 
Figure 9 shows the evaporating spray, colored by 
droplet size. The spray size and droplet diameters 
decrease significantly with the increase of the atomizing 
pressure. The increased axial momentum creates 
narrower spray, and vaporization completes inside the 
mixing tube for cases 3 and 4. Furthermore, the 
penetration length into the chamber for WCO is larger, 
delaying mixing and ignition. 
 
 
Fig. 6. Vector plot of diesel (top row) and WCO 
combustion (bottom row). Note the log scale. 
 
 
Fig. 7. Pathlines colored by temperature in the case of 
(top row) and WCO (bottom row) diesel combustion. 
 
NOx emission of WCO combustion can be seen in 
Table 5. The measured trend was followed by the 
simulated results. Overall, the lower volatility resulted in 
increased emissions for WCO compared to D, however, 
the CFD results were the opposite. 
 
 
Fig. 8. Vortex structures by 𝜆𝜆2 = −500 1/s2 colored by 




Fig. 9. Diesel (top row) and WCO (bottom row) droplet 
distribution colored by particle diameter. Note the log 
scale. 
 
Table 5. NOx emission on the outlet referred to 15% O2 
content in the flue gas in the case of WCO combustion. 
Case Simulated [ppm] Measured [ppm] 
1 105.4 42 
2 39.8 25 
3 3.6 3 
4 10.7 3.5 
 
Conclusions 
Numerical analysis of diesel fuel and WCO 
biodiesel was presented in this study. The following 
conclusions were made. 
The simulation of diesel fuel was successful in all 
cases, while the V-shaped flame of WCO combustion 
was missed. Note that the setup was also at the edge of 
the stability limit. 
ORZ of distributed combustion plays a dominant 
role while the IRZ is absent. The shape of ORZ was 
highly amorphous compared to the typical flow 
structures of V-shaped flames. Regardless of the fuel 
type, the respective flames were successfully modeled. 
The NOx emission trends of the simulation were 
captured by the CFD analysis. However, the calculated 
values were significantly higher than the real ones for 
straight and V-shaped flames. The marginal emission of 
distributed flames was simulated correctly. 
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